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Introduction {#sec1}
============

Apoptosis is the prototype of programmed cell death or regulated cell death and is executed by sequential activation of cysteine proteases, named *caspases* ([@bib41], [@bib55]). Recent studies have reported another form of regulated cell death, which is also referred to as necroptosis ([@bib6]). Activation of death receptors induced by cognate death ligands including tumor necrosis factor (TNF), Fas, and TRAIL triggers the formation of death-inducing signaling complex, termed complex IIb, that is composed of Fas-associated protein with death domain (FADD), receptor-interacting protein kinase (RIPK)1, RIPK3, and caspase 8 ([@bib36]). Once caspase 8 is activated, it subsequently activates downstream caspases 3, 6, and 7, resulting in the execution of apoptosis. Activation of caspase 8 normally suppresses the execution of necroptosis by inactivating RIPK1 and CYLD ([@bib4], [@bib30]). In sharp contrast, in the presence of either caspase inhibitors, or deletion of *Fadd* or *Caspase 8*, the complex IIb evolves into the necrosome that is composed of RIPK1, RIPK3, and mixed lineage kinase domain-like (MLKL). Sequential phosphorylation of RIPK1, RIPK3, and MLKL results in oligomerization and subsequent plasma membrane translocation of MLKL, resulting in membrane permeabilization and necroptosis ([@bib36]). Necroptosis is induced by death ligands, polyinosinic:polycytidylic acid, and viral infection and is involved in various pathological conditions including drug-induced pancreatitis, ischemic reperfusion injury, and elimination of some types of viruses ([@bib52]). Taken that germline deletion of *Fadd* and *Caspase 8* results in embryonic lethality due to an increase in necroptosis ([@bib16], [@bib31], [@bib56]), the FADD/caspase 8-dependent apoptotic pathway normally suppresses the necroptotic pathway during normal development. However, an interplay between apoptosis and necroptosis *in vivo* is not fully understood.

Cellular FLICE-inhibitory protein (cFLIP) is a catalytically inactive homolog of the initiator caspase, caspase 8, and blocks cell death induced by death ligands ([@bib2], [@bib28]). We and others have generated conditional *Cflar*-deficient mice and reported that cFLIP plays a crucial role in preventing cells from apoptosis and necroptosis ([@bib8], [@bib34], [@bib38], [@bib39], [@bib43], [@bib57]). *CFLAR* gene encodes two proteins, designated as long form (cFLIP~L~) and short form (cFLIPs) due to alternative splicing. Intriguingly, recent studies have shown that cFLIP~L~ blocks both apoptosis and necroptosis, whereas cFLIPs blocks apoptosis but promotes necroptosis ([@bib12], [@bib31]). However, it is unclear whether the expression of cFLIPs promotes necroptosis *in vivo*, and the consequences of cFLIPs-dependent necroptosis are largely unknown.

Tissue homeostasis of the intestine is regulated by epithelial cells and various types of immune cells, including dendritic cells, macrophages, B and T cells, and innate lymphoid cells ([@bib15], [@bib21]). Among them, T~H~17 cells and type 3 innate lymphoid cells (ILC3s) play a crucial role in preventing infection of the intestine from pathogenic bacteria ([@bib32], [@bib50]). The development of T~H~17 cells and ILC3s totally depends on the *Rorc* gene that encodes RAR-related orphan receptor gamma t (RORγt) protein. Under normal conditions, various stimuli such as colonization of commensal bacteria, food-derived metabolites, and cytokines activate macrophages or dendritic cells, resulting in the production of interleukin (IL)-23 and IL-1β ([@bib23], [@bib26]). IL-23 and IL-1β subsequently activate T~H~17 cells and ILC3s. IL-22 produced by activated ILC3s plays a dominant role in maintaining intestinal homeostasis and controls a set of genes showing antimicrobial activities, such as *Regenerating islet-derived protein (Reg)3b* and *Reg3*g ([@bib9], [@bib35]). In sharp contrast, aberrantly activated ILC3s produce excessive amounts of IL-22, resulting in intestinal tissue injury under certain conditions including injection of anti-CD40 antibody, immaturity of acquired immunity, absence of regulatory T (Treg) cells, or transgenic expression of *Il23* ([@bib1], [@bib3], [@bib5]). However, the mechanism underlying aberrant activation of ILC3s and ILC3-dependent tissue injury are not fully understood.

X chromosome inactivation is a process in which one of the two X chromosomes is randomly inactivated in female mammalian cells ([@bib20]). Hence integration of gene *A* onto one allele of two X chromosomes results in a mosaic pattern expression of gene *A* due to random inactivation of X chromosome. During generation of a promoter trap library, we obtained one ES line, designated *B210*, where a trap vector was integrated into the *Diap2* locus on the X chromosome ([@bib45]). Using B210 ES line, we previously reported that mice harboring human *SPINK1* gene in the *Diap2* locus expressed human SPINK1 in a mosaic pattern ([@bib42]). This strategy might be useful to express cell death-promoting gene in mice by preventing potentially embryonic lethal phenotype.

To further understand the consequences of necroptosis and an interplay between apoptosis and necroptosis *in vivo*, we generated *CFLARs* Tg mice wherein the *CFLARs* gene was specifically integrated onto the X chromosome. Male and female *CFLARs* Tg mice were referred to as *X*^*CF*^*Y* and *X*^*CF*^*X* mice, respectively. All *X*^*CF*^*Y* mice died *in utero* due to severe ileitis. Immunohistochemistry (IHC) with anti-phosphorylated RIPK3 (pRIPK3) antibody and transmission electron microscopy (TEM) revealed that a number of intestinal epithelial cells (IECs) died by necroptosis. Unexpectedly, large numbers of IECs died by apoptosis in the SI of *CFLARs* Tg mice. Surprisingly, deletion of *Ripk3* or *Mlkl* rescued embryonic lethality of *CFLARs* Tg mice by preventing not only necroptosis but also apoptosis of IECs. Moreover, deletion of *Rorc* or *Il22* prevented lethal ileitis in *CFLARs* Tg mice by preventing apoptosis, but not necroptosis of IECs. Together, necroptosis of IECs activated ILC3s, which further induced apoptosis of IECs in an IL-22-dependent manner.

Results {#sec2}
=======

*CFLARs* Transgenic Mice Die Perinatally {#sec2.1}
----------------------------------------

To circumvent embryonic lethality potentially induced by overexpression of cFLIPs in mice, we generated *CFLARs* Tg mice by utilizing X chromosome inactivation ([Figure 1](#fig1){ref-type="fig"}A). As we assumed that *X*^*CF*^*Y* mice might be embryonic lethal, we performed timed mating. *X*^*CF*^*Y* mice developed normally until embryonic day embryonic day (E) 16.5 but began to die at E17.5 to E18.5, and the rest of *X*^*CF*^*Y* mice died at birth ([Figure 1](#fig1){ref-type="fig"}B). Only 10% of *X*^*CF*^*X* mice died perinatally, but the other *X*^*CF*^*X* mice survived until adulthood. Although cFLIPs were expressed in various tissues ([Figure 1](#fig1){ref-type="fig"}C), an apparent histological abnormality was restricted to the small intestine (SI) ([Figure S1](#mmc1){ref-type="supplementary-material"}A). The intestinal lumen was mostly occupied with villous structure in the SI of wild-type embryos, whereas the lumen was dilated and the length of villi was severely shortened in *X*^*CF*^*Y* mice, and to a lesser extent, in *X*^*CF*^*X* mice at E18.5 ([Figure 1](#fig1){ref-type="fig"}D). IECs were detached from villi and accumulated in the lumen of the SI of *X*^*CF*^*Y* mice. Surprisingly, IECs in the lumen and a few IECs in villi were positive for cleaved caspase (CC) 3 staining, suggesting that these IECs died by apoptosis ([Figure 1](#fig1){ref-type="fig"}E). Consistently, CC3 was also detected in tissue extracts of the SI of *CFLARs* Tg mice at E18.5 ([Figure 1](#fig1){ref-type="fig"}F). We also found that large numbers of cells were positive for TUNEL staining in the lumen of the SI of *X*^*CF*^*Y* mice, and to a lesser extent, in *X*^*CF*^*X* mice at E18.5 ([Figure 1](#fig1){ref-type="fig"}G).Figure 1*CFLARs* Tg Mice Die Perinatally(A) Diagram of a vector for *CFLARs* Tg mice and genomic organization of the *Diap2* locus of B210 cells.(B) *X*^*CF*^*Y* mice die perinatally. After timed mating, mice were sacrificed at the indicated days after coitus, and the genotypes of embryos were determined by PCR. Numbers in parentheses written in red characters indicate dead pups at the sacrifice. The genotypes of 2- to 4-week-old mice were determined by PCR.(C) Tissue sections from mice of the indicated genotypes at E18.5 were stained with anti-cFLIP antibody (n = 3--5 mice per each genotype). The tyramid signal amplification (TSA) method was used to enhance cFLIPs-positive signals. Scale bars, 50 μm. Notably, anti-cFLIP antibody recognized exogenously expressed human cFLIPs, but endogenous murine cFLIP at least under our experimental conditions.(D) H&E-stained small intestinal sections of mice of the indicated genotypes at E18.5 (n = 10 mice per each genotype). Scale bars, 100 μm.(E, G, and H) Small intestinal tissue sections of mice of the indicated genotypes at E18.5 were stained with anti-cleaved caspase 3 (CC3) (E) or pRIPK3 (H) antibodies, or subjected to TUNEL staining (G) (n = 3--4 mice per each genotype). Scale bars, 100 μm. Red arrows indicate CC3+ IECs.(F) Tissue extracts of the SI of mice of the indicated genotypes at E18.5 were immunoblotted with the indicated antibodies (n = 2 per genotype). Each number indicates an individual mouse. P and C indicate the proform and cleaved form caspase 3, respectively. Results are representative of two independent experiments. See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

We next tested whether IECs of *CFLARs* Tg mice died by necroptosis. As phosphorylation of RIPK3 (pRIPK3) is a hallmark of cells dying by necroptosis, antibodies that recognize pRIPK3 have been used to detect necroptotic cells by IHC ([@bib51]). We found that small numbers of pRIPK3-positive cells were detected in the SI and other tissues of *CFLARs* Tg mice ([Figures 1](#fig1){ref-type="fig"}H and [S1](#mmc1){ref-type="supplementary-material"}B), suggesting these cells died by necroptosis. In contrast, apoptotic cells were not detected in tissues other than SI ([Figure S1](#mmc1){ref-type="supplementary-material"}C). Together, these results suggest that IECs mainly died by apoptosis rather than necroptosis in *CFLARs* Tg mice at E18.5.

We established two lines of *CFLARs* Tg mice, designated C9 and C28, and verified the expression of cFLIPs in various tissues of adult *X*^*CF*^*X* mice by western blot ([Figure S1](#mmc1){ref-type="supplementary-material"}D). We found that a few CC3-positive cells were still observed in the SI, but not in the colon of adult *X*^*CF*^*X* mice ([Figures S1](#mmc1){ref-type="supplementary-material"}E--S1G). As the phenotypes of C9 and C28 mice were identical, we mainly analyzed a C28 line for further experiments.

To exclude the possibility that the phenotype of *CFLARs* Tg mice might come from inactivation of *Diap2* gene, we also generated another Tg mice line, in which *Cre-ERT2* was integrated into the same locus on the X chromosome, designated *Cre-ERT2* Tg mice ([Figure S2](#mmc1){ref-type="supplementary-material"}A). *Cre-ERT2* Tg mice were born at the expected Mendelian ratios ([Figure S2](#mmc1){ref-type="supplementary-material"}B) and did not show any abnormality of the SI and colon ([Figures S2](#mmc1){ref-type="supplementary-material"}C--S2E). These results indicate that the phenotype of *CFLARs* Tg mice is not caused by inactivation of *Diap2* gene, but the expression of *CFLARs* gene.

A Few IECs Already Undergo Necroptosis in the SI of *CFLARs* Tg Mice at E17.5 {#sec2.2}
-----------------------------------------------------------------------------

To investigate an interplay between apoptosis and necroptosis, we analyzed histology of IECs at an earlier time point E17.5. IECs of *CFLARs* Tg mice appeared to be normal at E17.5 compared with those at E18.5 ([Figure 2](#fig2){ref-type="fig"}A). Notably, pRIPK3-positive cells were detected in the SI of *CFLARs* Tg mice similarly to E18.5 ([Figure 2](#fig2){ref-type="fig"}B), whereas very few IECs were positive for CC3 staining ([Figure 2](#fig2){ref-type="fig"}C). TEM analysis revealed that some IECs exhibited a drastic decrease in electron densities of the cytoplasm with the dilatation of the endoplasmic reticulum and mitochondria in *CFLARs* Tg mice, suggesting that these IECs died by necroptosis ([Figure 2](#fig2){ref-type="fig"}D). In sharp contrast, a few IECs were detached from villi and exhibited chromatin condensation, a hallmark of apoptosis ([Figure 2](#fig2){ref-type="fig"}D). To quantify the relative populations of necroptotic and apoptotic cells, we calculated TUNEL^+^ and CC3^+^ cells, respectively. TUNEL staining recognizes both necroptotic and apoptotic cells. Numbers of TUNEL^+^ cells were higher than those of CC3^+^ cells in the SI of *CFLARs* Tg mice ([Figures 2](#fig2){ref-type="fig"}C, 2E, and 2F), thus IECs already started to die by necroptosis, and to a lesser extent, by apoptosis at E17.5.Figure 2A Few IECs Already Undergo Necroptosis in the SI of *CFLARs* Tg Mice at E17.5(A--C and E) Small intestinal sections of mice of the indicated genotypes at E17.5 were stained with H&E (A), anti-pRIPK3 (B), or anti-CC3 (C) antibodies, or subjected to TUNEL staining (E). Red arrowheads and arrows indicate CC3+ (C) and TUNEL+ cells (E), respectively. Results are representative of four independent experiments (n = 4 mice per each genotype). Scale bars, 100 μm.(D) Tissue sections described as in (A) were analyzed by TEM (n = 4 mice per each genotype). Red arrows and arrowheads indicate cells showing necroptotic and apoptotic morphology, respectively. Scale bars, 5 μm.(F) Numbers of CC3-positive and TUNEL-positive cells were counted in randomly selected fields and are expressed as numbers of positive cells per field. Results are mean ± SEM (n = 4--7 mice per genotype). Statistical significance was determined by two-tailed unpaired Student\'s t test. \*\*p \< 0.01; ns, not significant.

Deletion of *Ripk3* Gene Partially Rescues Embryonic Lethality of *CFLARs* Tg Mice {#sec2.3}
----------------------------------------------------------------------------------

To investigate the causal relationship between necroptosis and apoptosis, we crossed *CFLARs* Tg mice with *Ripk3*−/− mice ([@bib62]). Deletion of *Ripk3* partially rescued embryonic lethality of *X*^*CF*^*Y* mice and blocked the destruction of the villous structure in the SI of both *X*^*CF*^*Y* and *X*^*CF*^*X* mice ([Figures 3](#fig3){ref-type="fig"}A and 3B). As expected, pRIPK3-positive IECs disappeared in the SI of *X*^*CF*^*Y*;*Ripk3−/−* and *X*^*CF*^*X*;*Ripk3−/−* mice at E18.5 ([Figure 3](#fig3){ref-type="fig"}C). More importantly, CC3-positive IECs also disappeared in the SI of *X*^*CF*^*Y*;*Ripk3−/−* and *X*^*CF*^*X*;*Ripk3−/−* mice at E18.5 ([Figure 3](#fig3){ref-type="fig"}D). TEM analysis confirmed that apoptosis and necroptosis of IECs disappeared in the SI of *X*^*CF*^*Y*;*Ripk3−/−* mice ([Figure S3](#mmc1){ref-type="supplementary-material"}A). Survived *X*^*CF*^*Y;Ripk3−/−* mice appeared to be healthy ([Figures S3](#mmc1){ref-type="supplementary-material"}B--S3D). cFLIPs protein was ubiquitously expressed in various tissues of surviving *X*^*CF*^*Y*;*Ripk3*−/− mice, and their expression levels were higher than those of *X*^*CF*^*X* mice on a *Ripk3−/−* or *Ripk3+/−* background ([Figure S3](#mmc1){ref-type="supplementary-material"}E). Necroptosis of IECs occurs in IEC-specific *Fadd*- or *Caspase 8*-deficient mice ([@bib14], [@bib53]), suggesting that necroptosis independently occurs in the absence of apoptosis. However, it is unclear whether necroptosis promotes or suppresses apoptosis *in vivo*. Taken that deletion of *Ripk3* blocked necroptosis and apoptosis, necroptosis might promote apoptosis of IECs of *CFLARs* Tg mice *in vivo*.Figure 3Deletion of *Ripk3* Partially Rescues Embryonic Lethality of *CFLARs* Tg Mice(A) The progeny of crossing male *Ripk3−/−* mice with *X*^*CF*^*X;Ripk3−/−* or *X*^*CF*^*X;Ripk3+/−* mice. The genotypes of 3- to 4-week-old mice were determined by PCR.(B) Small intestinal sections of mice of the indicated genotypes at E18.5 were stained with H&E (n = 4 mice per each genotype). Scale bars, 100 μm.(C and D) Intestinal sections of mice of the indicated genotypes at E18.5 were stained with anti-pRIPK3 (C) or anti-CC3 (D) antibodies (n = 3--4 mice per each genotype). Scale bars, 100 μm.(E) Primary MEFs were prepared from mice of the indicated genotypes at E14.5 and the expression of each protein was verified by western blot with the indicated antibodies. MEFs were stimulated with the indicated concentrations of TNF and zVAD-fmk (20 μM) for 7 h. Cell viability was determined by water soluble tetrazolium monosodium salt (WST) assay. Results are mean ± SD of triplicate samples and representative of three independent experiments. Statistical significance was determined by the two-tailed unpaired Student\'s t test. \*\*\*p \< 0.001; ns, not significant. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Consistent with these results, TNF and zVAD-fmk (TNF/zVAD)-induced necroptosis were enhanced in murine embryonic fibroblasts (MEFs) derived from *X*^*CF*^*Y*;*Ripk3+/−* mice compared with *Ripk3*+/− mice, and TNF/zVAD-induced necroptosis was abolished in MEFs from *X*^*CF*^*Y* mice on a *Ripk3*-deficient background ([Figure 3](#fig3){ref-type="fig"}E).

Deletion of *Mlkl* or Inactivation of RIPK1 Kinase Activity Partially Rescue Embryonic Lethality of *CFLARs* Tg Mice {#sec2.4}
--------------------------------------------------------------------------------------------------------------------

Although RIPK3 is essential for necroptosis, several studies have shown that RIPK3 promotes apoptosis and also inflammation under certain conditions ([@bib22], [@bib29]). Taken that MLKL solely promotes necroptosis ([@bib27], [@bib54]), we crossed *CFLARs* Tg mice with *Mlkl−/−* mice ([@bib59]). Consistent with deletion of *Ripk3*, deletion of *Mlkl* partially rescued the lethal phenotype of *X*^*CF*^*Y* mice and blocked the disruption of the villous structure of the SI of *X*^*CF*^*Y* mice ([Figures 4](#fig4){ref-type="fig"}A and 4B). Moreover, CC3-positive, but not pRIPK3-positive, IECs disappeared in the SI of *X*^*CF*^*Y*;*Mlkl−/−* mice ([Figures 4](#fig4){ref-type="fig"}C and 4D). These results suggest that MLKL-dependent necroptosis subsequently triggers apoptosis of IECs *in vivo*.Figure 4Deletion of *Mlkl* or Inactivation of RIPK1 Kinase Activity Partially Rescues Embryonic Lethality of *CFLARs* Tg Mice(A, E, and I) The progeny of crossing wild-type male mice with *X*^*CF*^*X* mice on an *Mlkl*−/− (A), *Ripk1*^*DN/DN*^ (E), or *Tnfrsf1a*−/− (I) background. The genotypes of 3- to 4-week-old mice were determined by PCR.(B and F) Small intestinal sections of mice of the indicated genotypes at E18.5 were stained with H&E (n = 3--4 mice per each group).(C, D, G, and H) Small intestinal sections of mice of the indicated genotypes at E18.5 were stained with anti-CC3 (C and G) or anti-pRIPK3 (D and H) antibodies (n = 3--4 mice per each genotype).Scale bars, 100 μm.

RIPK1 kinase activity is required for formation of the complex IIb that is composed of FADD, caspase 8, RIPK1, and RIPK3 and induces apoptosis or necroptosis in a context-dependent manner ([@bib12], [@bib47]). Crossing of *CFLARs* Tg mice with mice expressing a kinase-inactive mutant of *Ripk1* (*Ripk1*^*DN/DN*^) ([@bib64]) more efficiently rescued lethal phenotype of *CFLARs* Tg mice compared with *Mlkl−/−* mice by preventing both necroptosis and apoptosis ([Figures 4](#fig4){ref-type="fig"}E--4H). Unexpectedly, *Tnfrsf1a* deficiency ([@bib63]) could not rescue lethal phenotype of *X*^*CF*^*Y* mice ([Figure 4](#fig4){ref-type="fig"}I), suggesting that the cFLIPs promote the RIPK3-MLKL-dependent necroptotic pathway in IECs of *CFLARs* Tg mice in a TNFR1-independent manner.

The Expressions of Reg3β and Reg3γ Are Elevated in the SI of *CFLARs* Tg Mice {#sec2.5}
-----------------------------------------------------------------------------

To further investigate the consequences of cFLIPs-dependent cell death *in vivo*, we performed genome-wide transcriptome analysis of the SI of wild-type and *CFLARs* Tg mice at E18.5. We found that genes associated with cytokine responses, inflammatory responses, innate immune responses, and host defense responses were enriched in the SI of *CFLARs* Tg mice compared with wild-type mice ([Figures S4](#mmc1){ref-type="supplementary-material"}A--S4C; [Table S1](#mmc1){ref-type="supplementary-material"}). We focused on *Regenerating gene* (*Reg*)*3b* and *Reg3g.* Reg3β and Reg3γ are produced by IECs and act as antimicrobial proteins ([@bib48]). Notably, the expressions of *Reg3b* and *Reg3g* are tightly regulated at the developmental stages: both *Reg3b* and *Reg3g* are not expressed in the SI of wild-type fetus, but their expression is gradually increased in the SI after birth possibly due to colonization with commensal bacteria ([@bib25]). We confirmed that the expression of *Reg3b* and *Reg3g* was undetectable in the SI of wild-type mice, but elevated in the SI of *CFLARs* Tg mice at E18.5 by qPCR, IHC, and western blot ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5C; [Table S2](#mmc1){ref-type="supplementary-material"}).

We next investigated the mechanism underlying the elevation of *Reg3b* and *Reg3g* in the SI of adult mice. The expression of *Reg3b* and *Reg3g* in the SI of adult mice was abolished in *Il22−/−* ([@bib65]) or *Rorc-gfp/gfp* ([@bib60]), but not in *Rag2−/−* ([@bib61]) mice ([Figure S5](#mmc1){ref-type="supplementary-material"}D). However, *Rorc* is essential for the development of ILC3s and T~H~17 cells, and the expression of *Il22* was abolished in the SI of *Rorc-gfp/gfp*, but not in *Rag2*−/− mice ([Figure S5](#mmc1){ref-type="supplementary-material"}E). These results suggest that IL-22 produced by RORγt^+^ ILC3s, but not T~H~17 cells, is essential for the expression of *Reg3b* and *Reg3g* in the SI of adult mice. Thus we surmised that RORγt^+^ ILC3s might be activated in response to cell death of IECs of *CFLARs* Tg mice at the prenatal stage.

ILC3s Accumulate in the SI of *CFLARs* Tg Mice {#sec2.6}
----------------------------------------------

Although ILC3s play a crucial role in maintaining tissue homeostasis of the intestine ([@bib33], [@bib35]), activation of ILC3s promotes intestinal tissue injury under certain conditions ([@bib1], [@bib10]). ILC3s are aberrantly activated in the SI of mice lacking CD4^+^ T cells or young mice wherein acquired immunity is not fully maturated ([@bib24]). As expected, the expression of *Foxp3*, a hallmark of Treg cells, was very low in the SI of either wild-type or *CFLARs* Tg mice at E18.5 compared with that of adult mice ([Figure S6](#mmc1){ref-type="supplementary-material"}A). To test whether ILC3s contribute to the development of ileitis at preterm mice, we first crossed *Rorc-gfp* reporter mice with *CFLARs* Tg mice. As the expression of the green fluorescent protein (GFP) is under the control of endogenous promoter of *Rorc* in *Rorc-gfp* reporter mice, RORγt^+^ cells that contain both T~H~17 cells and ILC3s are recognized as GFP^+^ cells by flow cytometry or IHC. We found that large numbers of CD11b^+^Ly-6G^+^ neutrophils infiltrated in the SI of *CFLARs* Tg mice at E18.5 ([Figures 5](#fig5){ref-type="fig"}A and 5B). CCR6^+^ ILC3s are recruited to the SI via its ligand CCL20 that is produced by IECs ([@bib11]). Although total numbers of GFP (RORγt)^+^ ILC3s were not increased in *CFLARs* Tg mice compared with wild-type mice ([Figures 5](#fig5){ref-type="fig"}A and 5B), RORγt^+^ cells were recruited to the SI along with an increase in the expression of CCL20 and an appearance of apoptotic cells ([Figure 5](#fig5){ref-type="fig"}C).Figure 5ILC3s Accumulate in the SI of *CFLARs* Tg Mice(A) Percentages of neutrophils, but not T cells, B cells, or RORγt^+^ cells are increased in the SI of *CFLARs* Tg mice at E18.5 compared with WT mice. Cells were prepared from the SI of WT or *CFLARs* Tg mice at E18.5, and pooled samples (approximately 3--4 fetal SI per each genotype) were stained with the indicated antibodies and analyzed by flow cytometry. Results are representative of four independent experiments.(B) Cells were prepared as in (A); absolute cell numbers of the indicated populations were calculated and are expressed as mean ± SEM of four independent experiments. Statistical significance was determined by the two-tailed unpaired Student\'s t test. \*\*\*p \< 0.001; ns, not significant.(C and D) Small intestinal sections of mice of WT, *X*^*CF*^*Y;Rorc-gfp/+*, and *X*^*CF*^*X;Rorc-gfp/+* mice at E18.5 (C) and E17.5 (D) were stained with anti-Gr-1, combination of anti-GFP (to detect RORγt^+^ cells) (white) and anti-CC3 (red), or anti-CCL20 antibodies (n = 3 mice per each genotype). Green arrows indicate RORγt^+^ cells. Scale bars, 100 μm.(E) Small intestinal sections of mice of the indicated genotypes were stained with anti-CCL20 (n = 3 mice per each genotype). Scale bars, 100 μm.See also [Figures S4--S6](#mmc1){ref-type="supplementary-material"}, and [Table S1](#mmc1){ref-type="supplementary-material"}.

To determine whether apoptotic cells were responsible for accumulation of RORγt^+^ cells, we tested whether RORγt^+^ cells accumulated in the SI at E17.5. Although we hardly detected or only detected very few apoptotic cells in the SI of *CFLARs* Tg mice ([Figures 2](#fig2){ref-type="fig"}C and [5](#fig5){ref-type="fig"}D), a number of RORγt^+^ cells were already recruited to the SI along with an increase in the expression of CCL20 ([Figure 5](#fig5){ref-type="fig"}D). As we hardly detected CD3^+^ T cells in the SI of *CFLARs* Tg mice at E17.5 and E18.5 by IHC (data not shown), accumulated RORγt^+^ cells were ILC3s, but not T~H~17 cells. Accumulation of neutrophils appeared to delay compared with that of ILC3s ([Figures 5](#fig5){ref-type="fig"}C and 5D), suggesting that neutrophils might not be primarily responsible for apoptosis induction, but accumulated in response to apoptotic cells. The expression of CCL20 was elevated in the SI of *CFLARs* Tg mice along with an appearance of necroptotic cells, whereas its expression was abrogated in *CFLARs* Tg mice on a *Ripk3*−/− or *Mlkl*−/− background ([Figure 5](#fig5){ref-type="fig"}E). Notably, although only small numbers of IECs underwent necroptosis ([Figure 1](#fig1){ref-type="fig"}H), CCL20 was ubiquitously expressed in all IECs ([Figure 5](#fig5){ref-type="fig"}C). Inflammatory cytokines such as TNF and IL-1β have been shown to induce CCL20 production by IECs ([@bib18]), and macrophages and dendritic cells might produce these cytokines in response to danger-associated molecular pattern (DAMP)s released from necroptotic IECs. Taken that the expression of *Il1b* was elevated in the SI of *CFLARs* Tg mice ([Figure S6](#mmc1){ref-type="supplementary-material"}C), IL-1β might be responsible for the production of CCL20 by IECs. Consistently, the expression of both *Il1b* and *Ccl20*, but not *Il22,* was significantly elevated in the SI of *CFLARs* Tg mice at E17.5 ([Figure S6](#mmc1){ref-type="supplementary-material"}D), suggesting an intimate cross talk between the expression of *Il1b* and *Ccl20*. Moreover, IL-1β and IL-23 have been shown to activate ILC3s ([@bib23], [@bib26]). Together, IL-1β might be responsible for CCL20 production by IECs and activation of ILC3s.

Deletion of *Rorc* or *Il22* Partially Rescues Embryonic Lethality of *CFLARs* Tg Mice {#sec2.7}
--------------------------------------------------------------------------------------

We next tested whether ILC3s might contribute to the development of ileitis in *CFLARs* Tg mice. Deletion of *Rorc* partially rescued embryonic lethality of *X*^*CF*^*Y* mice and blocked the destruction of villi structure of the SI of *CFLARs* Tg mice ([Figures 6](#fig6){ref-type="fig"}A and 6B). A large numbers of neutrophils and CC3-positive IECs were detected in the SI of *X*^*CF*^*Y*;*Rorc-gfp/+* mice, whereas infiltration of these cells almost completely disappeared in the SI of *X*^*CF*^*Y*;*Rorc-gfp/gfp* mice ([Figures 6](#fig6){ref-type="fig"}C and 6D). CXCL2 is a chemokine that recruits neutrophils ([@bib17]). Consistently, the expressions of *Reg3b, Reg3g, Il22, Cxcl2,* and *Ccl20* were downregulated in the SI of *CFLARs* Tg mice on a *Rorc-gfp/gfp* background ([Figure S7](#mmc1){ref-type="supplementary-material"}A). pRIPK3-positive IECs were still detected in the SI of *CFLARs* Tg mice on a *Rorc-gfp/gfp* background ([Figure 6](#fig6){ref-type="fig"}E), further substantiating that activation of RORγt^+^ ILC3s is a downstream event of necroptosis of IECs of *CFLARs* Tg mice.Figure 6Deletion of *Rorc* or *Il22* Partially Rescues Embryonic Lethality of *CFLARs* Tg Mice(A and F) The progeny of crossing male *Rorc-gfp/gfp* (A) or *Il22*−/− (F) mice with *X*^*CF*^*X* mice. The genotypes of 3- to 4-week-old mice were determined by PCR.(B--E and G--J) Intestinal sections of mice of the indicated genotypes at E18.5 were stained with H&E (B and G), anti-Gr-1 (C and H), anti-CC3 (D and I), or anti-pRIPK3 (E and J) antibodies (n = 3--4 mice per group).Scale bars, 100 μm. See also [Figure S7](#mmc1){ref-type="supplementary-material"}.

Previous studies have reported that IL-22 has anti-colitogenic or colitogenic functions in a context-dependent manner ([@bib10], [@bib33]). To determine the contribution of IL-22 to the development of ileitis in *CFLARs* Tg mice, we finally crossed *CFLARs* Tg mice with *Il22−/−* mice. Deletion of *Il22* partially rescued embryonic lethality and prevented the development of ileitis in *CFLARs* Tg mice ([Figures 6](#fig6){ref-type="fig"}F--6H). Notably, CC3-positive cells completely disappeared in the SI of *CFLARs* Tg;*Il22*−/− mice ([Figure 6](#fig6){ref-type="fig"}I), but pRIPK3-positive cells were still detected ([Figure 6](#fig6){ref-type="fig"}J). Moreover, the expression of *Reg3b, Reg3g, Cxcl2*, and *Ccl20* was downregulated in the SI of *CFLARs* Tg;*Il22*−/− mice ([Figure S7](#mmc1){ref-type="supplementary-material"}A). Thus IL-22 contributes, at least in part, to intestinal injury at perinatal stages. Moreover, deletion of *Ripk3, Mlkl,* or kinase activity of RIPK1 downregulated the expression of these genes ([Figure S7](#mmc1){ref-type="supplementary-material"}A), suggesting that the execution of necroptosis finally converged on recruitment and activation of ILC3s and IL-22 production.

We finally investigated the mechanism underlying IL-22-dependent tissue injury. We found that the expression of reactive oxygen species (ROS)-producing enzyme, *Duox2* and its regulatory subunit, *Duoxa2*, were significantly elevated in the SI of *CFLARs* Tg mice ([Figure S7](#mmc1){ref-type="supplementary-material"}B). *DUOX2* is upregulated in patients with inflammatory bowel disease (IBD) before the onset of inflammation and is a marker of perturbed mucosal homeostasis in patients with early-stage IBD ([@bib13]). Taken that IL-22 induces the expression of *Duox2* of IECs ([@bib13]), it is reasonable to speculate that ILC3s might induce ROS-dependent apoptosis of IECs through the IL-22-Duox2 pathway. Together, these results indicate that a positive feedforward loop between cFLIPs-dependent necroptosis ([Figure 7](#fig7){ref-type="fig"}A) and ILC3-dependent apoptosis might critically contribute to the development of lethal ileitis in neonatal mice ([Figure 7](#fig7){ref-type="fig"}B).Figure 7A Model for cFLIPs-Dependent Lethal Ileitis(A) The complex IIb spontaneously forms in IECs overexpressing cFLIPs. As cFLIPs blocks activation of caspase 8, the complex IIb evolves into the necrosome, resulting in oligomerization of MLKL and subsequent membrane permeabilization.(B) Necroptotic cells of IECs release DAMPs that subsequently activate nearby macrophages or dendritic cells, resulting in IL-1β production. In addition to the release of DAMPs, IECs in response to IL-1β produce CCL20 that recruits CCR6-positive ILC3s into IECs. Recruited IEC3s are activated by IL-1β and release IL-22 that acts on IECs, resulting in upregulation of *Reg3b, Reg3g, Duox2,* and *Duoxa2*. Importantly, aberrantly activated ILC3s induce apoptosis of IECs possibly through upregulation of several ROS-producing enzymes. Apoptotic IECs might enhance inflammation and further activate ILC3s. Thus blockade of the necroptotic pathway and depletion of ILC3s or *Il22* suppress lethal ileitis.

Discussion {#sec3}
==========

In the present study, we generated transgenic mice expressing human *CFLARs* on the X chromosome and investigated cellular responses triggered by necroptosis *in vivo*. As expected, all male *CFLARs* Tg mice died *in utero*, but female *CFLARs* Tg mice survived due to X chromosome inactivation. Thus the expression of cell-death-promoting gene on the X chromosome might be one of the strategies to evaluate cellular responses triggered by cell death *in vivo*. Although cFLIPs blocks caspase-dependent apoptosis but promotes necroptosis *in vitro* ([@bib12], [@bib31]), IECs died by necroptosis and apoptosis in *CFLARs* Tg mice. Deletion of *Ripk3* or *Mlkl*, or inhibition of kinase activity of RIPK1, partially prevented embryonic lethality of *CFLARs* Tg mice by suppressing both apoptosis and necroptosis of IECs. We finally showed that ILC3s induced apoptosis of IECs in an IL-22-dependent manner, culminating in the development of lethal ileitis in *CFLARs* Tg mice.

In sharp contrast to *in vitro* studies including ours ([@bib12], [@bib31], [@bib44]), overexpression of cFLIPs *in vivo* resulted in both apoptosis and necroptosis of IECs in mice. Taken that cFLIPs inhibits death receptor-induced apoptosis *in vitro* ([@bib12], [@bib31]), and deletion of *Tnfrsf1a* did not attenuate embryonic lethality of *CFLARs* Tg mice, death receptor-induced caspase 8-dependent pathway is not primarily responsible for the execution of apoptosis of IECs of *CFLARs* Tg mice. Notably, the expression of *Duox2* and its regulatory subunit, *Duoxa2,* were elevated in the SI of *CFLARs* Tg mice compared with control mice. Taken that oxidative stress has been shown to induce apoptosis under certain conditions ([@bib7]), ROS-dependent activation of effector caspases might promote apoptosis of IECs in *CFLARs* Tg mice.

Histological analysis revealed that severe tissue injury was restricted to the SI of *CFLARs* Tg mice. We found that ILC3s were only detected in the SI and the liver, but not other tissues. Intriguingly, ILC3s were detected even in the liver of wild-type mice, suggesting that these cells were resident ILC3s, but not infiltrated ILC3s in response to certain stimuli observed in the SI of *CFLARs* Tg mice. These results suggest that cFLIPs-dependent tissue injury is correlated with infiltration of ILC3s in response to necroptotic cells. Although male *CFLARs* Tg;*Ripk3*−/− mice did not show any abnormality of the SI at E18.5, deletion of *Ripk3* did not completely rescue embryonic lethality of *CFLARs* Tg mice. This suggests that the cause of lethality of *CFLARs* Tg;*Ripk3*−/− mice was not ileitis. A recent study showed that white blood cells are markedly increased in the peripheral blood of *Ripk1−/−* mice and *Ripk1*−/− hematopoietic cells fail to engraft efficiently in lethally irradiated wild-type (WT) mice ([@bib37], [@bib40]). Thus bone marrow (BM) failure might induce embryonic lethality of *CFLARs* Tg;*Ripk3*−/− mice when intestinal tissue injury was attenuated. Moreover, percentages of survived *X*^*CF*^*Y* mice on an *Mlkl−/−* background were lower than those on *Ripk3−/−* or *Ripk1*^*DN/DN*^ background. Notably, RIPK1 kinase activity and RIPK3 are involved in inflammation and apoptosis under certain conditions ([@bib36]), suggesting that the MLKL-independent pathways also contribute to embryonic lethality of *CFLARs* Tg mice. Further study will be required to address these issues.

Although approximately 10% of *X*^*CF*^*X* mice died perinatally, other *X*^*CF*^*X* mice survived until adulthood. One might surmise that IECs susceptible to cFLIPs-induced cell death have been largely eliminated during the development *in utero* or soon after birth. Therefore few IECs might be positive for CC3 staining. On the other hand, Treg cells are very few in the SI during embryonic stages and then gradually expand along with colonization of commensal bacteria ([@bib15]). We found that the expression of *Foxp3* in the SI of either wild-type or *CFLARs* Tg mice at E18.5 was very low compared with that of adult mice. Intriguingly, LAG3^+^ regulatory T cells restrain IL-23- and IL-1β-producing macrophages, thereby suppressing activation of ILC3s and the development of intestinal injury ([@bib1]). Aberrant activation of ILC3 by IL-23 has been shown to drive IL-22-dependent intestinal inflammation ([@bib3]). Moreover, *Il23* transgenic mice spontaneously develop severe intestinal inflammation along with accumulation of ILC3s and neutrophils in the SI at neonatal stages ([@bib5]). The development of intestinal inflammation of *Il23* Tg mice is blocked when ILC3s are depleted, or mice are treated with antibiotics, suggesting that commensal bacteria-dependent production of IL-23 might contribute to the development of severe intestinal inflammation at the neonatal stage. Given that numbers of maturated Treg cells were very few in *CFLARs* Tg at E18.5, Treg cells did not attenuate ILC3s-dependent ileitis in neonatal *CFLARs* Tg mice. In contrast, ileitis might be attenuated by Treg cells in adult *X*^*CF*^*X* mice. Together, these studies have revealed the critical contribution of ILC3s to the development of severe ileitis in mice at prenatal stages.

Previous studies have shown that germline deletion of *Caspase 8* or *Fadd* in mice promotes necroptosis *in utero*, resulting in embryonic lethality due to a defect in formation of yolk sac vasculature at E10.5 ([@bib16], [@bib31], [@bib49], [@bib56]). As *CFLARs* Tg mice did survive at least until E16.5, the phenotype of *CFLARs* Tg mice is completely different from that of *Caspase 8*−/− or *Fadd*−/− mice. This might come from the timing of the expression of cFLIPs driven by the *CAG* promoter during development. In contrast, IEC-specific deletion of *Caspase 8* or *Fadd* (*Caspase 8*^*IEC-KO*^ or *Fadd*^*IEC-KO*^) results in severe intestinal inflammation in mice after birth, suggesting that the phenotype of *CFLARs* Tg mice might be more severe than that of these murine models ([@bib14], [@bib53]). There are several differences among *CFLARs* Tg mice and these murine models. First, the development of ileitis in *CFLARs* Tg mice occurs earlier than other murine models, where the colitis usually starts after birth. Second, *CFLARs* Tg mice only developed ileitis, but *Caspase 8*^*IEC-KO*^ or *Fadd*^*IEC-KO*^ mice develop both ileitis and colitis. Third, deletion of *Tnfsfr1a* did not rescue embryonic lethality of *CFLARs* Tg mice, whereas deletion of *Tnf* or *Tnfsfr1a* attenuates intestinal tissue injury in *Caspase 8*^*IEC-KO*^ or *Fadd*^*IEC-KO*^ mice. Finally, large numbers of apoptotic cells were detected in the intestinal lumen, but very few apoptotic cells were detected in villi of *CFLARs* Tg mice. Although necroptosis was detected in various tissues, necroptotic cells per se were not sufficient to induce severe tissue damage in *CFLARs* Tg mice. Severe tissue damage of the SI of *CFLARs* Tg mice is tightly correlated with infiltration of ILC3s. Intriguingly, a recent study has reported that IL-22 enhances proliferation of IECs, but inhibits the expansion of intestinal stem cell (ISC)s, resulting in a decrease in organoid survival ([@bib58]). Thus it might be plausible that aberrantly produced IL-22 increases the turnover of IECs and suppresses the expansion of ISCs, resulting in anoikis-dependent apoptosis of IECs in the SI of *CFLARs* Tg mice. Further study will be required to address this issue.

Approximately 10% population of extremely preterm infants spontaneously develops severe necrotizing enterocolitis ([@bib19], [@bib46]). The histology of necrotizing enterocolitis in human is characterized by the dilatation of the intestine, destruction of the villi structures, and intestinal bleeding. Intriguingly, these futures are reminiscent of the histological features of the SI of *CFLARs* Tg mice. Immaturity of host defense, type of infant feeding, ischemia, anatomical anomaly, and bacterial infection are considered to be responsible for the development of necrotizing enterocolitis. However, the detailed mechanisms remain unclear. As overexpression of cFLIPs induced ILC3s-dependent lethal ileitis, it would be interesting to test whether the expression of cFLIPs was increased in such patients. Given that IECs produce CCL20 in response to inflammatory cytokines such as TNF or IL-1β ([@bib18]), IECs might further recruit ILC3s, culminating in the development of lethal ileitis. Therefore it would be also intriguing to test whether ILC3s accumulate in the lesions of necrotizing enterocolitis in preterm infants.

Limitations of the Study {#sec3.1}
------------------------

Our results demonstrate that blockade of necroptosis completely suppresses apoptosis of IECs, but only partially rescues embryonic lethality of *CFLARs* Tg mice. We do not currently know which pathway(s) other than necroptosis induces embryonic lethality of *CFLARs* Tg mice. Moreover, we cannot show genetic evidence that IL-22-dependent ROS production induces apoptosis of IECs of *CFLARs* Tg mice. Another limitation of our current study is the inability to answer whether the RORγt^+^ cells/IL-22 axis operates and contributes to the exacerbation of intestinal diseases in human patients. Further investigation will be required to address these issues.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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